Charge transport in dual-gate organic field-effect transistors APL: Org. Electron. Photonics 5, 20 (2012) Top-gate thin-film transistors based on GaN channel layer Appl. Phys. Lett. 100, 022111 (2012) Charge transport in dual-gate organic field-effect transistors Appl. Phys. Lett. 100, 023308 (2012) Solid polyelectrolyte-gated surface conductive diamond field effect transistors Appl. Phys. Lett. 100, 023510 (2012) Percolation model for the threshold voltage of field-effect transistors with nanocrystalline channels J. Appl. Phys. 111, 014510 (2012) Additional information on J. Appl. Phys. LaAlO 3 is a promising candidate of gate dielectric for future very large scale integration devices. In this work, metal-oxide-semiconductor capacitors and transistors with LaAlO 3 gate dielectric were fabricated and the electron mobility degradation mechanisms were studied. The LaAlO 3 films were deposited by radio frequency magnetron sputtering. The LaAlO 3 films were examined by x-ray diffraction, secondary ion mass spectroscopy, and x-ray photoelectron spectroscopy. The temperature dependence of metal-oxide-semiconductor field-effect transistors characteristics was studied from 11 K to 400 K. The rate of threshold voltage change with temperature ͑⌬V T / ⌬T͒ is Ϫ1.51 mV/K. The electron mobility limited by surface roughness is proportional to E eff −0.66 in the electric field of 0.93 MV/ cmϽ E eff Ͻ 2.64 MV/ cm at 300 K and the phonon scattering is proportional to T −5.6 between 300 and 400 K. Soft optical phonon scattering was used to explain the extra source of phonon scattering in LaAlO 3 -gated n-channel metal-oxide-semiconductor field-effect transistors.
Degradation mechanisms of electron mobility in metal-oxide-semiconductor field-effect transistors with LaAlO 3 gate dielectric I. INTRODUCTION
Lanthanum aluminate ͑LaAlO 3 ͒ is a potential candidate for high-k dielectric applications. LaAlO 3 has high dielectric constant of 30 compared with 25 of HfO 2 , large energy band gap of 5.6 eV, large conduction band offset of 1.8 eV compared with 1.4 eV of HfO 2 , low oxygen diffusion coefficient, low lattice mismatch with silicon ͑less than 1.3% versus 5% of HfO 2 ͒, 1,2 and high thermal stability up to 1000°C. 3 In the literature, several scattering sources have been reported in devices using high-k dielectrics. [4] [5] [6] Zhu et al. 7 reported the degradation mechanisms of electron mobility in HfO 2 -gated n-channel metal-oxide-semiconductor field-effect transistors ͑MOSFETs͒ at temperatures from 120 to 320 K. Casse et al. 8 showed that the channel mobility degradation in HfO 2 -gated n-MOSFETs was from remote Coulomb scattering due to fixed charges or dipoles at the HfO 2 / SiO 2 interface. Weber et al. 9 observed that high-k remote phonon scattering was responsible for ϳ13% -16% of mobility degradation at 1 MV/cm compared to the universal mobility curve with TiN/ HfO 2 / SiO 2 gate stacks. Ho et al. 10 reported that the electron mobility in Sm 2 O 3 -gated n-MOSFETs is limited by phonon scattering. However, to our knowledge there is no study on the mobility degradation effect of n-MOSFETs fabricated with LaAlO 3 gate dielectric. In this work, the temperature dependence of the electron mobility was studied to identify the electron mobility degradation mechanisms of LaAlO 3 -gated n-MOSFETs.
II. EXPERIMENT
P-type, ͑100͒ orientation, 4 in. diameter silicon wafers with 1 -5 ⍀ cm resistivity were used as the starting substrates. After standard Radio Corporation of America ͑RCA͒ cleaning, a 500 nm sacrificial SiO 2 used for diffusion mask layer was grown on the silicon wafers by wet oxidation. The oxide on the backside was then removed. The source and drain areas were doped by phosphorous diffusion. The LaAlO 3 film was deposited by rf magnetron sputtering at room temperature. The wafers were dipped in buffered oxide etch ͑BOE͒ immediately before deposition. The thickness of the LaAlO 3 film was measured by N&K analyzer ͑model 1200͒. There were two kinds of LaAlO 3 film thicknesses, 8.7 and 26.4 nm in our work. The electrical measurements were performed using the thinner samples ͑8.7 nm͒, and the material property measurements, such as for x-ray diffraction ͑XRD͒, x-ray photoelectron spectroscopy ͑XPS͒, and secondary ion mass spectroscopy ͑SIMS͒, were performed using thicker samples ͑26.4 nm͒. After LaAlO 3 deposition, the contact regions were patterned using photoresist and the LaAlO 3 layer was etched by BOE. The etching rate of LaAlO 3 by BOE was 10 nm per minute. The LaAlO 3 film was then annealed in N 2 ambience at the temperatures from 700 to 1000°C. Finally, aluminum was evaporated and a lift-off process was used to define the aluminum electrodes. used to fit the curve in Fig. 8 . The curve fitting gave the powers for the curves.
III. RESULTS AND DISCUSSION
A. Material properties Figure 1 shows the XRD results of LaAlO 3 thin films with different annealing temperatures. The LaAlO 3 films remain amorphous with postdeposition annealing up to 1000°C in nitrogen. Figure 2 shows the measurement result of XPS spectrum on an amorphous LaAlO 3 film. The XPS analysis was performed using monochromatic Mg K␣ x-ray radiation with a pass energy of 23.5 eV and a takeoff angle of 36°. In Fig. 2 , the La 3d, O 1s, and Al 2p peaks were identified. At annealing temperatures higher than 800°C, the spectrum of binding energy in the Si 2s peak revealed that the silicon atoms possibly diffused into the LaAlO 3 film. Figures 3͑a͒-3͑d͒ show the SIMS measurements of LaAlO 3 thin films on Si substrate after annealing at temperatures from 700 to 1000°C. When the annealing temperature is higher than 800°C, the diffusion of the silicon atoms into the LaAlO 3 film was observed. 
B. Electrical properties
The inversion charge density Q INV can be extracted by measuring the gate-channel capacitance C GC as a function of gate voltage V GS using the split-capacitance-voltage ͑C-V͒ technique
By integrating C GC , Q INV can be obtained. Figure 5 shows C GC and Q INV as functions of V GS . The effective normal field E eff can be expressed in terms of the depletion charge density ͑Q d ͒ and the inversion charge density ͑Q INV ͒ ͑Refs. 11, 13, and 14͒
where the sum ͉Q d ͉ +1/ 2͉Q INV ͉ is the total charges in silicon inside a Gaussian surface through the middle of the inversion layer. Figure 6 shows the electron mobility ͑ eff ͒ as a function of E eff in the temperature range from 11 to 400 K. The universal mobility curve is also plotted as a reference.
13,14
As for the mobility degradation mechanisms, Coulomb scattering, surface roughness scattering, and phonon scattering were studied. 7, 14, 15 The threshold voltage V T can be written as
͑4͒
where ms is the work function difference between aluminum and silicon substrate, Q f is fixed oxide charge, Q m is mobile ionic charge, Q ot is oxide trapped charge, Q it is interface trapped charge, and q B is the energy difference between the Fermi-level E F and the intrinsic Fermi-level E i in silicon. Because ms , Q m , Q f , and Q it are essentially temperature-independent, differentiating Eq. ͑4͒ with respect to temperature yields
ͪ. ͑5͒ Figure 7 shows the threshold voltage ͑V T ͒ versus temperature ͑T͒ in the temperature range from 11 to 400 K. The rate of change of threshold voltage with temperature ͑⌬V T / ⌬T͒ is Ϫ1.51 mV/K. The comparative rate for SiO 2 -gated MOSFETs is about Ϫ1 mV/K at a substrate dop- ing of 10 16 cm −3 ͑Ref. 13͒. The change in threshold voltage with temperature ͑⌬V T / ⌬T͒ is related to the rate change of Q ot . The variation of the positive oxide trapped charges with temperature can contribute to the threshold voltage shift. As the threshold voltage decreases with increasing temperature, the inversion charge density Q inv increases with increasing temperature at the same V GS . The more the electrons reside in the inversion layer, the more the scattering due to Coulomb scattering. 17 Due to the small flatband voltage shift ͑8.6 mV͒ of the C-V curves in the inset of Fig. 4 , the amount of the fixed charges is very small in the LaAlO 3 film. Since the ⌬V T / ⌬T values of transistors with LaAlO 3 and SiO 2 gate dielectrics are of the same order of magnitude, the Coulomb scattering is roughly the same for these two kinds of n-MOSFETs.
As for surface roughness scattering, an approximate relation between electron mobility and effective normal field is
where ␤ is the power exponent. The electron mobility of the LaAlO 3 -gated n-MOSFETs is proportional to E eff −0.66 in the field of 0.93 MV/ cmϽ E eff Ͻ 2.64 MV/ cm at 300 K, as shown in Fig. 6 . The electron mobility of MOSFETs with SiO 2 gate dielectric is proportional to E eff −0.3 at electric field lower than 0.5 MV/cm at 300 K.
14 The dependence of eff on E eff of SiO 2 -gated n-MOSFETs is weaker than that of LaAlO 3 -gated n-MOSFETs. The difference in this E eff dependence can be attributed to more surface roughness scattering at the LaAlO 3 / Si interface.
As for phonon scattering, the maximum electron mobility of LaAlO 3 -gated n-MOSFETs is 210 cm 2 / V s at 300 K. An approximate expression for the dependence of electron mobility on temperature T is
where ␥ is the power exponent. The maximum mobility values from Fig. 6 are plotted in Fig. 8 as a function of temperature. Figure 8 shows the maximum electron mobility ͑ eff ͒ versus temperature ͑T͒ in the temperature range from 11 to 400 K. The electron mobility is proportional to T −5.6 at high temperatures above 300 K and T −0.32 at low temperatures below 300 K, as shown in the inset of Fig. 8 . The ␥ value is Ϫ5.6 compared with Ϫ1.75 of n + -poly/ SiO 2 / p-Si n-MOSFETs.
14 Since phonon scattering in the silicon substrate should be the same for both types of devices, this shows that LaAlO 3 -gated MOSFETs have an extra source of phonon scattering from the LaAlO 3 film. This is consistent with the soft optical phonon model. 
IV. CONCLUSION
In summary, n-MOSFETs with LaAlO 3 gate dielectric were fabricated. The material properties of LaAlO 3 were also studied. The LaAlO 3 films can remain amorphous at an annealing temperature up to 1000°C in nitrogen ambience. A low leakage current level of 7.6ϫ 10 −5 A / cm 2 at Ϫ1 V dc bias was obtained. The degradation mechanisms of electron mobility in LaAlO 3 -gated n-MOSFETs were studied in the temperature range from 11 to 400 K. The temperature dependence of electron mobility on the vertical field reveals the difference between LaAlO 3 -and SiO 2 -gated transistors. The Coulomb scattering is roughly the same for the two types of transistors. The surface roughness scattering and the phonon scattering of LaAlO 3 -gated n-MOSFETs are more severe than those of SiO 2 -gated n-MOSFETs. The transverse soft optical phonons are used to explain the extra source of phonon scattering in LaAlO 3 -gated n-MOSFETs. 
